We discuss the effect of the neutrino mass scale on baryogenesis via the outof-equilibrium decay of the lightest right-handed (s)neutrinos in type II see-saw models. We calculate the type II contributions to the decay asymmetries for minimal scenarios based on the Standard Model and on the Minimal Supersymmetric Standard Model, where the additional direct mass term for the neutrinos arises from a Higgs triplet vacuum expectation value. The result in the supersymmetric case is new and we correct the previous result in the scenario based on the Standard Model. We confirm and generalize our results by calculating the decay asymmetries in an effective approach, which is independent of the realization of the type II contribution. We derive a general upper bound on the decay asymmetry in type II see-saw models and find that it increases with the neutrino mass scale, in sharp contrast to the type I case which leads to an upper bound of about 0.1 eV on the neutrino mass scale. We find a lower bound on the mass of the lightest right-handed neutrino, significantly below the corresponding type I bound for partially degenerate neutrinos. This lower bound decreases with increasing neutrino mass scale, making leptogenesis more consistent with the gravitino constraints in supersymmetric models.
Introduction
Leptogenesis [1] is one of the most attractive mechanisms for explaining the observed baryon asymmetry of the universe, n B /n γ = (6.5
+0.4
−0.8 ) · 10 −10 [2] . In the type I seesaw scenario, where the asymmetry is generated via the out-of-equilibrium decay of the same heavy right-handed neutrinos which are involved in generating neutrino masses, it has been studied intensively. In models with a left-right symmetric particle content like minimal left-right symmetric models, Pati-Salam models or Grand Unified Theories (GUTs) based on SO(10), the type I see-saw mechanism is typically generalized to a type II see-saw, where an additional direct mass term m is the type I see-saw mass matrix. One motivation for considering the type II see-saw is that it allows to construct models for partially degenerate neutrinos in a natural way, e.g. via a type II upgrade [3] , which is otherwise difficult to achieve in type I models. From a rather model independent viewpoint, the type II mass term can be considered as an additional contribution to the lowest dimensional effective neutrino mass operator.
In the literature, the most discussed case is where the type II contribution is realized via SU(2) L -triplets. There are in general two possibilities to generate the baryon asymmetry: via the decay of the lightest right-handed neutrino ν 1 R or via the decay of one or more SU(2) L -triplets [4, 5, 6] . In the first case, there are additional one-loop diagrams where virtual triplets are running in the loop [4, 7, 8] . Referring to the contributions to the decay asymmetries for ν [9, 10, 11, 12] ). The case where ε II 1 dominates over ε I 1 has not been studied in such detail so far. It has the interesting feature that unlike in the type I see-saw scenario, there is in general no upper bound on the absolute neutrino mass scale [13] from type II leptogenesis [8] .
In this work, we analyze the consequences of the neutrino mass scale for baryogenesis via the out-of-equilibrium decay of the lightest right-handed (s)neutrinos in type II see-saw models. First, we calculate the type II contributions to the decay asymmetries for minimal scenarios based on the Standard Model (SM) and on the Minimal Supersymmetric Standard Model (MSSM), where the additional direct mass term for the neutrinos stems from the induced vev of a triplet Higgs. The result for the supersymmetric case is new and we correct the previous result in the scenario based on the Standard Model. We then develop an effective approach to type II leptogenesis, assuming a gap between the mass M R1 of the lightest (s)neutrino and the masses of the heavier particles involved in generating neutrino masses. Leptogenesis in this framework is approximately independent of the specific realization of the neutrino mass operator. The calculation of the decay asymmetries using the effective approach confirms our results for the triplet scenarios in the limit of heavy triplets. We subsequently derive a general upper bound on the decay asymmetry and find that it increases with the neutrino mass scale. It leads to a lower bound on the mass of the lightest right-handed neutrino, which is significantly below the type I bound for partially degenerate neutrinos. It is worth emphasizing that these results are in sharp contrast to the type I see-saw mechanism where an upper bound on the neutrino mass scale is predicted. Here we find no upper limit on the neutrino mass scale which may be increased arbitrarily. Indeed we find that the lower bound on the mass of the lightest right-handed neutrino decreases as the physical neutrino mass scale increases. This allows a lower reheat temperature, making thermal leptogenesis more consistent with the gravitino constraints in supersymmetric models (see e.g. [14, 15, 16, 17] ).
Decay Asymmetries for Type II via Triplets
We now consider minimal type II models based on the SM and the MSSM, where the type II see-saw is realized via an additional heavy SU(2) L -triplet. We focus on the case where the asymmetry is generated via the decay of the lightest right-handed (s)neutrinos and assume hierarchical masses of the right-handed (s)neutrinos and M ∆ ≫ M R1 .
Minimal Type II See-Saw Scenarios
In the MSSM extended by chiral superfieldsν Ci (i ∈ {1, 2, 3}), which contain the righthanded neutrinos ν i R and SU(2) L -triplet Higgs superfields∆ and∆ with weak hypercharge 1 and −1, respectively, the relevant parts of the superpotential are
, 2, 3}) being the Pauli matrices. Superfields are marked by hats and we have written the SU(2) L -triplets as traceless 2 × 2-matriceŝ
In the SM, we only consider one triplet scalar field ∆, using an analogous notation as in the extended MSSM. The corresponding terms of the Lagrangian are
At low energy in the SM and in the MSSM, the type I contribution to the neutrino mass matrix of the light neutrinos is approximately given by the see-saw formula of equation (1),
v u is the vacuum expectation value (vev) of the neutral component of the Higgs doublet which couples to the right-handed neutrinos and the lepton doublets, i.e. v u = H 0 u in the MSSM and v u = H 0 in the SM. An induced see-saw suppressed vev v ∆ = ∆ 0 of the neutral component of the scalar field contained in∆ gives a naturally small direct mass for the left-handed neutrinos. It can also be viewed as resulting from realizing the effective neutrino mass operator by integrating out the triplet below its mass threshold at M ∆ . The type II contribution to the effective neutrino mass matrix is given by
The complete neutrino mass matrix in the minimal type II scenarios based on the SM and on the MSSM is thus given from the above equations as
Results for the Decay Asymmetries
In this subsection we calculate the relevant decay asymmetries diagrammatically. The asymmetry from the decay of the lightest right-handed neutrino into a lepton doublet and a Higgs is defined as
In addition, in the supersymmetric case, we need the decay asymmetries for the decay of ν 1 R into slepton and Higgsino and for the decays of the sneutrino ν 1 R . At tree level, the decay rates are
The contributions to the decay asymmetries arise from the interference of the diagrams for the tree-level decays with the loop diagrams. The one-loop diagrams for the decay ν Using FeynCalc [18] , the calculation of the decay asymmetries corresponding to the diagrams 1(c) and 1(f) of figure 1 yields
. For dealing with lepton number violating interactions, we use the methods derived in [19] . The results for the contributions to the decay asymmetries from the triplet in the SM and from the triplet superfields in the MSSM are
The MSSM results are new. In the SM, we correct the previous result of [8] by a factor of −2/3. As we will see below, our results in the limit y ≫ 1 agree with the calculation in the effective approach, where the particles much heavier than M R1 are integrated out.
In the MSSM, we furthermore obtain
In addition, we reproduce the known results [20] for the decay asymmetries corresponding to the diagrams (a), (b), (d) and (e) which contribute to ε I 1 in the SM and in the MSSM:
The results for the type I contribution to the decay asymmetries in the SM and in the MSSM are
In the MSSM, the remaining decay asymmetries are equal to ε
Note that the type I results can be brought to a form which contains the neutrino mass matrix using 1 8π
In the limit y ≫ 1 and x j ≫ 1 for all j = 1, which corresponds to a large gap between the mass M R1 and the masses M R2 , M R3 and M ∆ , using
for z ∈ {y, x j }, we obtain the simple results for the decay asymmetries ε
In the presence of such a mass gap, the calculation can also be performed in an effective approach after integrating out the two heavy right-handed neutrinos and the heavy triplet, generating contributions to the effective neutrino mass operator, as we now discuss.
Effective Approach to Type II Leptogenesis
In the SM and the MSSM, viewed as effective theories, neutrino masses can be introduced via the lowest dimensional effective neutrino mass operator
After electroweak symmetry breaking, the effective operator yields Majorana masses for the light neutrinos,
Let us assume that the lepton asymmetry is generated via the decay of the lightest right-handed neutrino and that all other additional particles, in particular the ones which generate the type II contribution, are much heavier than M R1 . We furthermore assume that we can neglect their population in the early universe, e.g. that their masses
Mass gap
Realization of κ ′ Heavier particles are much larger than the reheating temperature T R and that they are not produced nonthermally in a large amount. We also assume that they approximately do not contribute to washout processes. This scenario is motivated by supersymmetric GUTs, where additional charged particles like e.g. SU(2) L -triplets with intermediate scale masses could spoil gauge coupling unification at M GUT ≈ 2 · 10
16 GeV. For a minimal effective approach, it is convenient to isolate the type I contribution from the lightest right-handed neutrino as follows:
κ ′ includes type I contributions from the heavier right-handed neutrinos, plus any additional (type II) contributions from heavier particles. Examples for realizations of the neutrino mass operator can be found e.g. in [21] . At M R1 , the most minimal extension of the SM or the MSSM would then be to introduce the effective neutrino mass operator κ ′ plus one right-handed neutrino ν 1 R with mass M R1 and Yukawa couplings (
The situation is illustrated in figure 2.
Decay Asymmetries for the SM and MSSM
The contributions to the decay asymmetries in the effective approach stem from the interference of the diagram for the tree-level decay with the loop diagrams containing the effective operator. In the SM, the interference with diagram (a) of figure 3 gives the simple result
where we have introduced the effective mass for leptogenesis m BAU ,
For the supersymmetric case, diagram (a) and diagram (b) contribute to ε 1 and we obtain:
Explicit calculation furthermore yields
The results are independent of the details of the realization of the neutrino mass operator κ ′ . Note that, since the diagrams where the lightest right-handed neutrino runs in the loop do not contribute to leptogenesis, we have written m (23) - (25) . Having done this, the decay asymmetries are then seen to be directly related to the neutrino mass matrix m ν LL . For neutrino masses via the type I see-saw mechanism, they are in agreement with the known results [20] (equation (14)) in the limit M R2 , M R3 ≫ M R1 . In the limit M ∆ ≫ M R1 , the results obtained in the effective approach are also in agreement with our full theory calculation in the minimal type II scenarios with SU(2) L -triplets in equation (11) . In particular, we confirm the correction by the factor −3/2 compared to the previous result of [8] in the SM. 
The Produced Baryon Asymmetry
The generated B-L asymmetry, i.e. the ratio of the number density over the entropy density Y B−L = n B−L /s, can be written as
ε 1 (and ε 1 ) are the decay asymmetries of the lightest right-handed neutrino into (s)lepton and Higgs(ino) and ε 1 (and ε 1 ) are the decay asymmetries of the lightest right-handed sneutrino. Ignoring supersymmetry breaking, the right-handed neutrinos and sneutrinos have equal mass
are the number densities of the neutrino and sneutrino at T ≫ M R1 if they were in thermal equilibrium, normalized with respect to the entropy density. They are given by
where g * is the effective number of degrees of freedom, which amounts 106.75 in the SM and 228.75 in the MSSM, and k is the Boltzman constant.
Equation (27) also provides the definition for the efficiency factor η for leptogenesis. It can be computed from a set of coupled Boltzmann equations (see e.g. [22] ) and it is subject to e.g. thermal correction [23] and corrections from spectator processes [24] and from renormalization group running [25, 26] . In the effective approach and for thermal leptogenesis with a reheating temperature T R ≫ M R1 , which is most independent of the cosmological model and of the model for neutrino masses, we assume that to a good approximation the efficiency factor depends only on the quantity m 1 [22] , defined by
and on the initial population of right-handed (s)neutrinos. This means, we neglect e.g. the contribution to washout processes from diagrams involving the additional particles which are involved in realizing the effective operator κ ′ . For example, in type I see-saw scenarios the effects from the heavier right-handed neutrinos and their Yukawa couplings can be neglected if M R1 is much smaller than 10 14 GeV. Under this assumption, we can use the results for η from type I see-saw models. See e.g. [23] for figures showing η( m 1 ) for various initial populations of right-handed (s)neutrinos. A population of right-handed (s)neutrinos required for leptogenesis can also be produced non-thermally, e.g. via the decay of the inflaton. Such scenarios depend on the specific cosmological model. They could be very efficient, since ν 1 R and ν 1 R would be almost completely out-of-equilibrium when they decay.
From the decay of the right-handed (s)neutrinos, a lepton asymmetry is produced which is then transformed into a baryon asymmetry via sphaleron transitions. Since the latter conserve B-L, we write the negative of the lepton asymmetry as B-L asymmetry in equation (27) . The baryon asymmetry is then related to the B-L asymmetry Y B via
and with N H being the number of Higgs doublets. With ε 1 = ε 1 = ε 1 = ε 1 from equation (26) in the MSSM and using s/n γ ≈ 7.04k, the produced baryon asymmetry in terms of the baryon to photon ratio in the SM and in the MSSM is approximately given by
Note that the sign of the produced asymmetry is a relevant quantity here. n B has to be positive since we calculate in the convention that we consist of matter and not of anti-matter. In terms of the effective mass for leptogenesis, defined in equation (24), m BAU > 0 is required for obtaining n B > 0.
Type II Bound on Decay Asymmetry and on M R1
In the effective approach, we can calculate a model-independent upper bound for the decay asymmetries ε 
with real and positive y 11 , y 12 and y 13 . For the effective mass for leptogenesis m BAU , defined in equation (24), we obtain
≤ y 
with m ν max := max (m 1 , m 2 , m 3 ) being the largest neutrino mass at the energy scale M R1 . Using equation (23) and equation (25) , this leads to the upper bounds
for the decay asymmetries. Thus, the upper bound increases with increasing mass scale of the light neutrinos. Note that compared to the low energy value, the neutrino masses at the scale M R1 are enlarged by renormalization group (RG) effects by ≈ +20% in the MSSM and ≈ +30% in the SM, which raises the bounds on the decay asymmetries by the same values. More accurate results can be found e.g. in figure 4 of [26] . Using equation (31), for a given efficiency factor η and using an upper bound for m ν max , it can be transformed into a lower type II bound for the mass of the lightest right-handed neutrino:
The bound on M R1 is lower for a larger neutrino mass scale. It is shown in figure 4 as a function of the neutrino mass scale, i.e. of the mass of the lightest neutrino. for some values of the efficiency factor η and for a baryon to photon ratio n B = 6.5 · 10 −10 . In the extreme cases for thermal leptogenesis, the maximal value of the efficiency factor is η zero max ≈ 0.2 for a zero initial population of ν R1 and η dom.
max ≈ 30 for a maximal initial population (approximate values taken from [23] ). RG corrections to the neutrino masses at the scale M R1 of ≈ +20% in the MSSM and ≈ +30% in the SM are included (see e.g. figure  4 in [26] ).
The situation in the type II framework is very different to the type I see-saw case: E.g., for a normal mass ordering, the type II bound on the decay asymmetry is proportional to m 3 , whereas the type I bound is proportional to ∆m Together with an improved bound [13] on the type I decay asymmetry, this strongly increases the type I bound on M R1 [27] for increasing m ν min and finally leads to an upper bound for the absolute mass scale of the light neutrinos of m ν min ≤ 0.12 eV [28] . In the type II scenario where m 1 is in general independent of m ν max , there is no bound on the neutrino mass scale from the requirement of successful leptogenesis. A neutrino mass scale 0.35 eV on the contrary allows for a mass of the lightest right-handed neutrino of about an order of magnitude below the bound in type I models, which might help thermal leptogenesis with respect to the gravitino problem in supersymmetric models. Note that in non-thermal leptogenesis scenarios, a lower bound on M R1 does in general not lead to a conflict with respect to the gravitino problem.
Summary and Conclusions
In this work, we have investigated type II leptogenesis via the decay of the lightest (s)neutrinos. In the MSSM with the type II contribution realized via an additional SU(2) L -triplet superfield, we have calculated the decay asymmetries for the lightest right-handed neutrino ν 1 R and its superpartner ν 1 R . In the SM, we have recalculated the decay asymmetry ε II 1 and corrected the previous result. We have developed an effective approach, assuming a gap between the mass M R1 of the lightest (s)neutrino and the masses of the remaining particles involved in generating the neutrino masses. We have calculated the effective decay asymmetries in the SM and in the MSSM. Leptogenesis in this framework is independent of the specific realization of the neutrino mass operator. The total decay asymmetry ε 1 is proportional to the complete neutrino mass matrix m (34)) on the total decay asymmetry and found that it increases with the neutrino mass scale, in sharp contrast to the type I case which leads to an upper bound of about 0.1 eV on the neutrino mass scale. It leads to a lower bound (equation (35) and figure 4) on the mass of the lightest right-handed neutrino significantly below the type I bound for partially degenerate neutrinos. Increasing the neutrino mass scale allows a lower reheat temperature, making thermal type II leptogenesis more consistent with the gravitino constraints in supersymmetric models.
